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MEASUREMENT OF THERMAL D I F F U S I V I T Y  

Equipment is to be assembled to test the feasibility of 

the methods proposed to measure the thermal diffusivity of the 

I .  Tar surface material. This measurement is to be made directly on 

the surface and also within a drilled hole. 

outlines the design calculations for this instrumentation, revfew- 

ing the several optlonal designs. 

This present report 

Surface Measurement 

At surface, the thermal diffusivity is to be deduced frorr 

the change in temperature experienced within a region of knwn gease- 

try as a result of abruptly altering the incoming radiation W L t h i a  

this region. 

result of either shining an infrared lamp on the desired area, 02: 

abruptly shielding the surface from direct solar radiatson. It is 

necessary to estimate the shield dimensions or, optionally, the Lanp 

dimensions and power, to give measurable tenperaturc changes for a 

diffusivity measurement. At this paint it fs not necessary to 

solve exactly the heat flow equations for the specific situatioa 

existing during the diffusivity measurement on the lunar surface. 

This change in the incaming radiation can be the 

0 

Rather, one can select a system which approximates the lunar con- 

ditions & obtain, rather easily, solutions of sufficient accuracy 

for engineering design. This treatment for the surface diffusivity 

determination is given in Appendix A, 

this treatment are as follow: 

The COaClUS~OM reached in 
B 

1. Measurement of thermal diffusivity can be accomplishedoa 

surface by the use of a shield system having a radius of 
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about 11 cm., or by use of a lamp system irradiating an 

area of surface having a radius of at least 11 cm. 

The depth of surface affected by this treatment is OD 

the order of 4 cm. in the time periods required for 

measurement, 

With radiometer sensitivities available it is not 

practical to attempt a measurement to separate thermal 

conductivity from thermal diffusivity. 

2. 

3. 

Downhole Measurement 

The basis of study of downhole equipment is given ia 

Appendix B, but the work has not progressed to the point allowing 

conclusioas or data to be reported. 
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APPENDIX A 

DESIGN CALCULATIONS FOR SURFACE THERMAL DIFFUSIVITY DETERMINATIONS 

For the design of the surface thermal diffusivity appara- 

tus, the system to be considered is a "semi-infinite" region t > 0 

initially at zero temperature throughout z > 0 ,  Carslaw and Jaeger 1 

treats these systems for various heating geocnetries at the surface 

z = 0, 

rate of q calories per unit time per unit area for t > 0 over the 
circle x2+ y2 < a', z = 0 evaluated at the point (0, 0 ,  z) fr 

The Carslaw and Jaeger solution for a supply of heat at the 

- ierfc 

' OE2 - f erfc e, and erfc = =p+ Note that ierfc e 
1-crf f ,  so that 

Evaluated at z = O,.equation (2) btxomes, 

'Conduction of Heat in Solids, H. 5 .  Carslaw and J, C. Jaeger, 
Second Edition, Oxford at the Clarendon Press, 1959 

1 : 796.28-AX 



So far this has been straightforward manipulation of the 

Carslaw and Jaeger solution, and in this form it gives the tempere- 

ture, 9, at the center of a circle, radius a, as a function of tiw, 

t, for a medium (semi-infinite) z > 0 initially at zero temperature 
2 2 throughout, having a heat input over x + y2 < a of q calories per 

2 cm 
It having thermal conductivity K and thermal diffusivity a - - 
P C  

(where p is density, c is specific heat). 

per second (no heat flow over the rest of the boundary t - 0 ) .  

This particular solution is now to be used in various way# 

to estimate necessary shield dimensions and manipulations, or, 

optionally, infrared lamp powers and manipulations, to accomplish 

the measurement-of- thermal diffusivity at the surface. 

The first point considered is the radius of affected area, 

a, necessary to give measurable temperature differences in reascm- 

able time periods. A radiometer viewing a total included angle 

of 2Z0 frcxn 1 ft. above surface is averaging temperatures Over an 

area having a radius 30 tan 11' = 5.8 cm. 

the affected area must say that over the area viewed by the radio- 

meter the temperature change 6 is constant in reasonable time 

The specification for 

periods. It seems obvious that as K goes to zdrc more abrupt changes 
~ 



in 8 would appear at the boundary and a uniform temperature (in terms 

of the space variables) Gwuld appear Over the area x + y 

dimension, et will be deduced for the highest value of conductivity 

expected, anticipating that it will then be usable for all lower 

values. The specification for the highest value of t h e m 1  con- 

2 2  2 < a . The 

ductivity expected on the lunar surface is 10 -4 calories c,,,sec.v~ . If the 

suzEacc is a material having denstty and apecific heat approximatiq 

the values for sand, pc = 0.4. 

the case of a low density material, so arbitrarily a pc value = 0.04 

is also to be taken. From the Carslaw and Jaegez solution ( 4 n .  4) 

values of "a" will be determined at which, for ranges of a and t, 0 

is independent of a, 

of the follawing trcrtmenta.) 
independent of 8 when e << 1, w i t h  the additional conditioa 

that 

It is necessary to consider also 

(No cia- will be made for the rigor of MY 

It can be reasoned that 0 is 

leaving an expression for 8 in which "a" does not appear 

It remains to establish the values of a, a, and t for which these 

conditions hold. Taking the original expression, Eqn. 4, and 

rewriting , n 
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Considering only the function within ( ), it takes the form, 

(7) 

where 

c =;n 2(=) - i 
Values of t h i s  function were computed for several values of f and 

i ts  behavior is  shown i n  Fig. 1. For pract ical  pirposes thir I I 
function becomes unity for values of f > 2.5. Therefcr2, for 

2 cm /see. 

a = 2.5~10~‘ c m  /see, a mPeasurement of them1 diffusivi ty  can be 

made i n  4000 sec. , and for a = 2 . 5 ~ 1 0 ~ ~  cm /see., a measurement can 

In l a t e r  sections it w i l l  be dennmstrated that for 
2 

2 

be made i n  400 sec. 

that  p-2 > 2.5 for  each of the above cases a > 5 CP. 

temperature change a t  the center of a c i r c l e ,  radius = 5 cm. I8 

independent of the radius if the medium has a thermal diffusivity 
2 less than o r  equal t o  2.Sx104 an /sec. and the temperatures are 

measured for  times less than 4000 sec. This i s  aiso correct within 

In each case the product at = 1. In order 

The 
2(=) 

. . 
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this radius of 5 cm, if the medium has a thermal diffusivity equal 
to 2 . 5 ~ 1 0 ~ ~  cm 2 /a=. and the temperatures are measured for times 

less than 400 sec. Earlier in the discussion the polnt was made 

that the radiometer for temperature measurement would be viewiw 

a circle of radius about 6 cm. 

of temperature independent of the boundaries, the area tn &ich 

incoming radiation SIB altered must be a circle of radius great- 

than 6 + 5 = 11 cm. 

remembering that the inner 6 cm. radius clrcle l r  viewed by the 

radiometer, md the 5 ca, circles illustrate the extent of area 

within Which, for these time limits, the temperature has rad lu  a8 

a parameter, Eve- point on the circumference of the circle 

enclosing the radiometer view ts a minimum of 5 an. from the 

For this radius to enclose a region 

Fig.  2 will aid in understandfng this reasoning, 

houndary of the area affected, which should give within the view of 

the radlarster temperatures unaffected by radius as a parameter. 

Similar reasoning will allow an estimate of depth affected 

during this measurement. 

equations, Eqn. 2, evidence has been given that, at z = 0 ,  for 

at = 1 all terms including'a'effectlvely disappear for values of 

a > 5 em. 

Going back to one of the original 

Going to the case for at = 1, at z # 0, it is obvious that 

all terms including 'a'remain negligible for values of a > 5 ca. 

leaving, 
n 

The expression within ( 1 is the function =$ -e erfc 

4 



as  plotted i n  Fig. 1, which goes t o  a negligibly s m a l l  value near 
z = 'ITi' * 2. 

2(=) 

For the case at 5 1, z = 4 cm. is  the maximum depth affected by the 

al terat ion a t  surface, independent of the radius of affected area. 

It i s  now possible to  estimate temperature h is tor ies  a t  the point 

( 0 ,  0 ,  0 )  which i s  the center of the area of altered radiation. 

Evidence has been given that, for at 

t o  

1, a 2 5., Equation 4 reducer 

where 8 is the temperature change noted a t  ( 0 ,  0 ,  0 )  at the,  t, 

for an input of heat of q calories per cm per see. for  a s d -  

i n f in i t e  medim, z > 0 ,  i n i t i a l l y  a t  unffonn temperature throughout 

and having a value of thermal diffueivity Q = - It such that  at < 1. 
P C  

This reduced equation I s  the exact equivalent of the sofution as 

given by C a r s l a w  and Jaeger for a constant flow of heat over the 

plane t = 0 in to  a sed - in f in i t e  medium and t h i s  similari ty in form 

serves as a check of the methad. 

2 

For the s i i t u r ~ i r s a  t o  be exained, q in Equatiaii (5) l o  the 

r e su l t  of abruptly altering incoming radiation, so that  a balance 

of heat flow must be re-established a t  the surface. 2l&. 3 is a 

rough sketch of a s m a l l  portion of surface i l l u s t r a t ing  incoming 

radiation, ql, a portion of which is absorbed, qz, the surface 

reradiating energy as a function of its e a i s s i v i q  and temperature, 

= a d ,  and being supplied heat from the semi-infinite medirra c3 

1: 794 . 28-A6 



0 (1~ .  
absorbed or released by the medium materials in changing temperr- 

ture, the t i m e  required for arrival a t  a new equilibrium state 1s 

governed by certain medium properties, including thermal conductivity, 

and specific heat. 

mating the effect of these properties. 

th i s  equation is t o  be a net energjr transfer a t  the surface, q2 - q3, 
which is a function of surface temperature (q3 - a&). Fig. 4 

plots the net heat interchange values for three cases of interest. 

These cases differ  in the method of altering radiation on surface. 

To make use of t h ~  variable heat interchange associated w i t h  altering 

For a change in  condftions, since f in i te  quantities of heat are 

The reduced Equation (5) gives 8 means of est%- 

The value of q t o  be used in 

the incaning radiation, Equation (5) 2s set up la a difference fore, 

realizing that, lackfag an analytic solution including a variable 

heat function, the asmcaption will be made that Equation (5) caa be 

applied at  euccessiw times w i t h  q taken t o  be a function of 

temperature. This gtvt8, 

rihich relates the chaige in teqerature,  Aen, in a time stept A t ,  

t o  the properties of the medium, the net heat i n t e r c h w e  exist* 

a t  the beginning of the step, qnWl, and the = d e r  of steps €&ea. 

By use of the data of Fig. 4 and the difference equation were 

obtained the culfves of Figs. 5, 6, and 7 i l lust rat ing the tqerahtre  

1: 7 94 . 28-AI e 
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histories at the center of an area of altered radiation for the con- 

ditions noted. 

deduce thermal diffusivity with fair accuracy, perhaps within about 

lo%, having obtained radiometrically the temperature history. 

more exact stateaent of precision available can be made after 

operating characteristics of the radiometers are know, but it i 8  

presumed that temperatures will be known to within It5.C. 

curves of Figs. 5, 6, and 7 give supporting evidence for the . 

previous statement that the measurement of thermal diffusivitier 

can be accomplished in values of &t 5, 1. 

Carslaw and Jaeger solution for the point (0,  0 ,  O), 

It should be possible in any of these cases to 

A 

The 

Going back to the origlxml 

2 n 29 
Note that for e 3  may be bubstituted th8 eerie8 ZEk- 

n 

performing this substitution giver, 

thus, as t - -  (14) 

4'. 
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Accepting this as the steady state condition after long time periods, 

it is now possible to estimate the feasibility of determining the 

thermal conductivity of the surface materials, as distinguished 

frum thermal diffusivity, In the equation, 0 = the net heat 
_ _  

- chield) 4 interchange q, at the surface is given by a(Tsurface 

the use of the shield is assumed. 

the original surface temperature to be 400'K, the radius to be 10 

cm,, and computing the equilibrim condition by a trial and error 

procedure, it is found that the surface temperature falls within 

7.C of the shield temperature at equiltbrium for a conductivity 

K = 10'' calories/cm, see. .C, and that for K 

Using Tshield = 300'lC, assuning 

loo5 the surface 

temperature is within 1% of the shield temperature. 

radiometer precision available it is no: possible to discriminate 

conductivities by this method, This tendency for the low conductivity 

material to came to radtative equilibrium w i t h  an applied source 

holds also for the cases where a point source of infrared is used 

(e.g., lamps), therefore, it is felt that only a measurement of 

thermal diffusivity is practical on the surface. 

With the 
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APPENDIX B 

DOWNHOLE D E T ~ I N A T I O N  OF THERMAL D I F F U S I V I T Y  

To estimate the thermal diffusivity from within a hole 

bored into the lunar body, a small blackbody radiator is 

attached to the bottom of the sonde. 

t o  this blackbody an increase in temperature kith time will be noted, 

this temperature increase being a function of the conduction of heat 

away from the source along leads and supports, storage of heat in 

the sonde and blackbody materials, radiation of heat between black- 

body surface and borehole wall, storage of heat within the lunar 

body, and conduction of heat away from the borehole through the 

lunar materials. 

With a constant power input 

The design of the blackbody a,ystem is being done empiri- 
0 cally, but as 8 start an investigation of shape factors was made For  

heat sources in insulating unconsolidated materials. 

prediction, use was made of the Carslaw and Jaeger' solution for 

the continuous spherical source within an infinite mediun. 

As a means of 

2 
#a -(r4 -(r+a) 

- - e  - 1  
a 
[e 

with a constmt rate of heating of q calories over the surface of 

a sphere of radius a starting at t = 0, the spherical source being 

in an infinite medium of density, p ,  specific heat c, and thermal 

'Conduction of Heat in Solids, H. 3. Carslaw and J. C. Jaeger, 
Second Edition, Oxford at the Clarendon Press, 1959, pp 263, 

1: 794 . 28-Bl 
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diffusivity a = - ' (It = thermal conductivity), giving the tempera- 
P C  

ture rise 8 at distance r as a function of t u ,  t. EvalutLng thL8 

solution for r = a, 
9 

Setting = , 
(-1 

(4) 

2 
The function 9 ( l -eaf  + F"* t erfc e) is plotted in Fig, 

8. 

spherical source in media of known properties, 

nal equation it is proven easily that a surrounding medium giving 

a coverin_p 25 em. thick in every dimension is  effectively aa 

infinite medium for values of at < 20, and for values of q = 0.25 

Use of this equation allows prediction of heating curves for 8 

By use of the origi- 

calories per second. 

Three shapes were selected for study on the basis of soude 

requirements for dimensions and configurations and were prepared b 

copper drilled out to give equal masses of metal. 

element placed in each was a 2 watt, 100 ohm, carbon resistor 

"potted" in place with epoxy. 

measure the temperature rise at selected points. 

The heating 

Iron constantan thermocouple wirea 

Table I gives the 

1~794 . 28-82 
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data on each of the three shapes, Fig. 9 shows the configuration, and 

Figs. 10, 11, and 12 show comparison with the Carslaw and Jaeger 

prediction of the heating in media of different conductivities. 

the two shapes which are not spherical the predicted temperature 

rise is  computed from the Carslaw and Jaeger solution for a spherical 

source, taking a value for radius which is the radius of a sphere 

having equal- surface area. 

effect of borehole and coupling to sonde will be s k ' k ? e d  by work- 

ing in evacuated glass tubing buried in media of differing cop- 

ductivity. 

good design prediction, but more exact work is required in the 

calibration. 

For 

In the extension of this study the 

This, it should be emphasized, wili allow & suffictently 

1: 794 . 28-B3 
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